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Heat transfer behavior of AZ80—1%Y alloy
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Abstract: Heat transfer behaviors of AZ80—1%Y alloy during low frequency electromagnetic casting (LFEC) and direct chilling
casting were studied by in-situ temperature measurement. The results demonstrated that the low frequency electromagnetic field (EM)
caused forced convection in the melt during LFEC. The forced convection led to uniform solidification velocity and temperature field.
EM frequency, excitation current intensity and casting temperature could control the heat transfer behavior. The forced convection
could improve the microstructure and degrade the difference in microstructure between the edge and center of billet. Appropriate
parameters of low frequency EM for casting Mg alloy are 20 Hz of frequency and 60 A of electric current intensity.
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1 Introduction

Wrought magnesium alloys are of great importance
in the aerospace, automobile and electronics industries
because of the characters of low density, high specific
strength and good electromagnetic shield ability [1-3].
At present, a difficult challenge in the development of
wrought magnesium is the preparation of large scale and
high quality Mg alloy billets. Due to the properties of
magnesium such as low specific heat capacity, high
expansivity and low thermal conductivity, crack control
and quality control for Mg billets, especially for large
scale Mg billets, are extremely difficult in the
conventional direct chilling (DC) casting.

In order to restrain casting crack, improve the
metallurgical quality of large scale Mg billets and avoid
problems in DC billets such as coarse and non-uniform
microstructures, macrosegregation, porosity, and poor
surface quality, many efforts have been made such as
introducing electromagnetic field (EM) [4,5], ultrasonic
field [6,7] or combined physical force fields [8,9] into
casting. These physical force fields improved the quality
of large scale Mg billets to some extent. Nevertheless,
there still exist many disadvantages of these technologies

such as difficult and unsafe operation. Therefore, based
on the existing CREM process [4,10], a new magnesium
casting technique, low frequency electromagnetic casting
(LFEC) has been developed [11]. In this LFEC process,
low frequency EM was introduced into the Mg alloy
casting to optimize the flow and temperature fields.
Previous experimental results and numerical simulations
indicated that the low frequency EM was able to improve
the microstructure and surface quality of billet because
of the optimized temperature gradient [12,13]. However,
at present, the mechanism of low frequency EM
influencing the flow and temperature fields is still
unavailable. Therefore, in order to deeply investigate the
heat transfer behavior during solidification and further
improve the LFEC process, an in-situ continuous
temperature measurement during Mg alloy LFEC
together with DC process was carried out in the present
work.

2 Experimental

2.1 Melting and casting

AZ80 alloy was used as the base alloy and modified
with 1% Y (mass fraction, the same below) in order to
reduce the flammability of magnesium melt.
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Pure Mg and pure Al were melted together in an
electrical resistance furnace firstly, and then pure Zn,
Mg—50%Y and Mg—80%Mn master alloys were added to
the melt at 700 °C. The melt was refined, slag removed
and kept still at the temperature between 680 and 700 °C
for 10 min before casting. The chemical composition of
the final alloy was Mg—7.76A1-0.70Zn—0.031Mn—0.92Y.
The liquidus and solidus temperatures of the final alloy
were 606 and 518 °C respectively determined by DSC
measurement.

A crystallizer with a diameter of 165 mm made of
aluminum was used in direct chilling (DC) and LFEC
process. In DC process, three casting velocities of 80,
110 and 140 mm/min were adopted. In LFEC, EM was
generated by a water-cooling copper coil surrounding the
crystallizer. The frequencies of 20 and 30 Hz, electric
current intensities of 60, 90 and 120 A were selected. The
LFEC process was conducted at two pouring
temperatures of 650 and 680 °C, respectively.

2.2 Temperature measurement arrangement

The continuous temperature measurement adopted
in the present study is shown schematically in Fig. 1.
Five K-type thermocouples were fixed over the top
surface of the dummy bar evenly along diameter for
measuring the temperature variation at the positions of
left edge, left R/2, center, right R/2 and right edge of
ingot. These thermocouples moved downward along with
the dummy bar during casting and the temperature
variation from the thermocouples could be real-time
measured.
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Fig. 1 Schematic illustration of temperature measurement
arrangement

Using the real-time temperature data, the curves of
temperature—time as shown in Fig. 2 (bottom abscissa)
can be directly drawn. When casting process reached
steady state, temperature field and heat transfer behavior
should be in steady state as well. The billet displacement
can be acquired by multiplying the casting velocity by
casting time, and then the curves of temperature vs billet
displacement shown in Fig. 2 (top abscissa) can be
obtained. Consequently, by knowing the liquidus and

solidus temperatures of the investigated alloy, the
temperature field, liquid sump and slurry zone of billet
can be obtained and presented in Fig. 3.
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Fig. 2 Curves of temperature vs time (bottom abscissa) and
temperature vs billet displacement (top abscissa) during casting

0
0, Lo . DC LFEC
-20F = Liquidus line - -m-- --0-- L
%_Solidus line —e— —o— -
_40 B » ”/

Distance from top of meniscus/mm

-80 -60 -40 -20 0 20 4IO 60 80
Distance from center of ingot/mm

Fig. 3 Sump shape and slurry zone during DC and LFEC
3 Results and discussion

3.1 Comparison of heat transfer behavior between

DC and LFEC processes

As shown in Fig. 3, the distance (W) along the
temperature gradient between the solidus and liquidus
lines was the width of the slurry zone, which was
regarded as the solidification velocity during casting.
This width during LFEC process was characterized by a
more uniform change from edge to center of the sump
than that during DC process, which usually means a
more uniform solidification velocity on the cross section
of the billets [14]. The sump depth was defined as the
perpendicular distance between the highest and the
lowest points on the solidus curve. In Fig. 3, Dpc
referred to the sump depth of DC casting and Dyggc
referred to the sump depth of LFEC casting. The sump
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depth changed from 56.6 mm in DC casting to 47.8 mm
in LFEC casting, and the top of solidification shell (at the
interface between melt and sleeve of crystallizer) moved
down slightly, indicating that EM could reduce the sump
depth and then reduce the time difference of
solidification on the same cross section. Summarily,
through the comparison of curves between DC and
LFEC shown in Fig. 3, it can be seen that EM showed no
significant influence on the sump depth, but obviously
increased the curvature radius of the sump bottom and
postponed the forming of solidification shell at inner
sleeve of the crystallizer. Meanwhile, it also made
temperature field more uniform.

These phenomena were caused by the forced
convection in magnesium liquid induced by EM. An
alternating current generated a time varying EM during
LFEC process, which, in turn, gave rise to an induced
current in the melt. Consequently, the melt was subjected
to the electromagnetic body force caused by the
interaction of induced current and magnetic field [8]. The
magnitude of this force depended on the magnetic
induction intensity and the electric current density, and
this electromagnetic body force resulted in a forced
convection in the melt. Under the effect of this forced
convection during LFEC, the superheated liquid in the
center of crystallizer was propelled to the edge along the
top surface of the melt rapidly. In the meantime, the
cooler liquid at the edge was pushed back into the
crystallizer center. In other words, the forced convection
degraded the supercooled degree at the solidification
front, which controlled the heat transfer behavior of
magnesium melt and improved the metallurgical quality
of magnesium ingot.

3.2 Effect of EM frequency and intensity on heat
transfer behavior during LFEC casting

Figure 4 gave the effects of the frequency (f) and the
current (I) of EM on sump depth and slurry zone. After
EM frequency was reduced from 30 to 20 Hz (Fig. 4(a)),
only minor variations in the sump depth and the slurry
zone width were observed and the sump shape became
sharper, meaning that the lower EM frequency had low
forced convection effect.

As excitation current increased from 60 to 90 A
(Fig. 4(b)), the sump depth remained unchanged, but the
lowest point of sump moved about 17 mm off the billet
center.

According to previous studies, low frequency EM
would increase the penetration depth into the liquid
metal during LFEC process, and the high electric current
intensity in excitation coil (corresponding to high EM
intensity) would increase the magnetic induction
intensity in liquid metal as well [14,15]. Therefore,
decreasing EM frequency and increasing current could

be effective means of optimizing the solidification
behavior. However, the numerical simulation results of
magnesium LFEC process indicated that the influence of
forced convection could be decreased by lowering the
EM frequency due to the relatively low EM energy,
hence, low EM frequency would make against the
optimization of solidification behavior [12]. Similarly,
excessive current would lead to some problems such as
instability of magnesium melt. Consequently, it is
necessary to find appropriate EM frequency and current
combination for further improving LFEC process.
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Fig. 4 Effects of frequency (a) and current (b) of EM on sump
shape and slurry zone

According to the present experimental results
shown in Fig. 4 (a), 30 Hz was a better EM frequency
than 20 Hz because of a smoother sump shape and a
more uniform slurry zone width. Figure 4(b) suggested
that 60 A was reasonable current during LFEC process
rather than 90 A, because very strong forced convection
by current of 90 A will significantly increase the
asymmetry of sump shape, which increases the
non-uniformity in the microstructure of ingots. Moreover,
strong forced convection will also enlarge the risk of
melt leakage during casting process.

The specimens for microstructure observation were
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taken from the positions of edge, R/2 and center from which could be obtained from the corresponding sump
billets cast by both of DC (Figs. 5(a)—(c)) and LFEC shape in Fig. 5(d) (marked by arrows). Rose-shape
(Figs. 6(a)—(c)). Coarse radial structure can be clearly crystals could be observed in Figs. 5(a) and (b), and the
observed in Figs. 5(a)—(c). It is also noted that dendrites microstructure of the billet center was fine and uniform
grow effectively along the temperature gradient direction (Fig. 5(c)).
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Fig. 5 Microstructures for positions taken from edge (a), R/2 (b) and center (c) of DC billets and corresponding sump shape (d)
(Temperature gradients are indicated with arrows)
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Fig. 6 Microstructures for positions taken from edge (a), R/2 (b) and center (c) of LFEC billets and corresponding sump shape (d)
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From the microstructures of LFEC billet shown in
Figs. 6(a)—(c), no obvious radial, dendrite or columnar
structure was observed, and the microstructure
uniformity was found to be improved compared with the
DC microstructures due to smoother sump shapes in
Fig. 6(d). Therefore, it is reasonable to conclude that
during LFEC process, the forced convection induced by
low frequency EM could make the sump shape smoother,
break dendrite, refine grain size and improve
microstructure uniformity.

3.3 Effect of casting temperature on heat transfer

behavior during LFEC process

Figure 7 shows the effect of casting temperature on
the sump depth and the slurry zone during LFEC
process. The sump depth was 6 mm at elevated casting
temperature (680 °C) lower than that at 650 °C, and the
solidification shell moved downward evidently. The
slurry zone width became more uniform (the maximum
slurry zone width difference was 4.3 mm in LFEC,
maximum slurry zone width difference was 19.9 mm in
DC), meaning that properly elevated casting temperature
was favorable to achieve the shallow sump and uniform
solidification during LFEC process. Nevertheless, it
should be aware of the fact that elevated casting
temperature also increased the risk of melt leakage
because of very short distance between sump top and
secondary cooling water.
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Fig. 7 Effects of casting temperature on sump shape and slurry
zone during LFEC process

3.4 Effect of casting velocity on heat transfer behavior
during DC and LFEC process
The sump and slurry zones during DC process at the
velocities of 80, 110 and 140 mm/min are shown in
Fig. 8. As the casting velocity increased, the sump depth

and the asymmetry of sump shape all increased evidently.

The sump bottom moved about 18 mm off the central
axis at the casting velocity of 140 mm/min.
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Fig. 8 Effects of casting velocity on sump shape and slurry

zone during DC process

The microstructures of DC and LFEC billets cast at
680 °C under different casting velocities of 80, 110 and
140 mm/min are shown in Figs. 9 and 10, respectively.
Clearly, it was found that, in Fig. 9, four zones could be
divided from the edge to the center, namely fine
equiaxed grain Zone I, coarse equiaxed grain Zone II,
columnar grain Zone III and central equiaxed grain zone
IV. From Fig. 8, it can be found that at high casting
velocity, the sump shape became sharper and the side
contour line of sump tended to straight line, which was a
great advantage for the growth of columnar grains along
the temperature gradient direction (marked by arrow).
Consequently, the columnar grain Zone III extended
significantly and central equiaxed grain Zone IV shrank
at high casting velocity (Fig. 9). In conclusion, high DC
velocity would cause poor microstructures of columnar
grains.

Figure 10 shows more uniform microstructures of
LFEC billet compared with DC billet in Fig. 9. The EM
parameters were 20 Hz and 60 A, and the casting
temperature was 680 °C. The most notable difference
was the disappearance of columnar grain zone. This
phenomenon could also be observed in Figs. 5 and 6.
This is probably because the forced convection of melt
could change the sump shape by increasing the curvature
radius of the sump bottom and consequently, the growing
advantage to columnar grains disappeared. Moreover, the
forced convection could also degrade the microstructure
difference between edge and center of billet.

4 Conclusions

1) Compared with DC, the forced convection
caused by EM leads to a more uniform solidification
velocity on the cross section of billets, a more uniform
temperature field and a smoother sump shape in LFEC
process.
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2) During LFEC process, EM frequency and
excitation current could control the heat transfer behavior
by changing the intensity of the forced convection. 20 Hz
frequency and 60 A current are appropriate parameters of
low frequency EM for casting the experimental alloy.

3) Properly elevated casting temperature is
favorable to achieve the shallow sump and uniform
solidification during LFEC process. Nevertheless,
elevated casting temperature also increases the risk of
melt leakage.

4) High casting velocity results in numerous adverse
aspects in DC, such as increasing the sump depth, slurry
zone width, the asymmetry of sump shape and inducing
poor microstructure.

5) Compared with DC,
caused by EM could improve the microstructure and
degrade the microstructure difference between edge and
center of billet by diminishing the growing advantage to
columnar grains.

the forced convection
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